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1
GRADIENT INDEX LENS SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to an optical system having an
optical element having a gradient index dependent on
the distance from the optical axis, namely, a so-called
gradient index rod lens system.

2. Description of the Prior Art

10

In recent years, devices for reading information

highly densely recorded on a recording medium by
condensing a laser beam into a tiny spot, such as optical
video discs and digital audio discs, have been devel-
oped. As an optical system for condensing a laser beam
Into a tiny spot, use is nowadays made of a lens system
similar to a microscope objective lens comprising a
combination of several ordinary spherical lenses. Re-
cently, however, pick-up lenses using convergent gradi-
ent index rod lenses, namely, so-called Selfoc lenses, for
the purpose of achieving the ease of assembly and ad-
justment of the lenses and the compactness and light
weight of the lenses have been reported.

However, these reports provide means for correcting
only spherical aberration and do not at all mention
off-axis aberrations, namely, coma, curvature of field,
etc.

As will later be described, in a gradient index lens
having a single piece planar end surface, spherical aber-
ration can be corrected very highly accurately by suit-

ably selecting the coefficient of the high order term of

the gradient index, but at the same time, the sine condi-
tion cannot be satisfied and therefore, great coma oc-
curs and 1t becomes impossible to condense a tiny spot
at a point slightly spaced apart from the optical axis.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide a
gradient index lens system in which not only spherical
aberration but also coma is well corrected and which
has an excellent imaging performance.

It 1s another object of the present invention to pro-
vide a gradient index lens system of a very high perfor-
mance in which both of spherical aberration and coma
are well corrected and further curvature of field is also
corrected.

The present invention achieves the above objects by
constructing a lens system by combining at least two
different gradient index lenses and particularly, finding
the optimum solution of the coefficient of the high
order term with respect to the gradient index of each
lens.

The invention will become fully apparent from the
following detailed description thereof taken in conjunc-
tion with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is an optical path illustration showing the state
of a paraxial ray on the entrance surface and the exit
surface of a popular gradient index lens.

F1G. 2ZA 1s an optical path illustration of a compara-
tive example.

FIG. 2B shows the ray aberrations thereof.
FIG. 2C shows the wave front aberrations thereof.
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FIGS. 3 to 6 relate to first to fourth embodiments of 65

the present invention, FIGS. 3A, 4A, 5A and 6A being
optical path illustrations, FIGS. 3B, 4B, 5B and 6B
being graphs showing the gradient index of a first lens,

2
FIGS. 3C, 4C, 5C and 6C being graphs showing the
gradient index of a second lens, FIGS. 3D, 4D, 5D and
6D showing ray aberrations, and FIGS. 3E, 4E, 5E and
6E showing wave front aberrations.

FI1GS. 7 to 11 relate to fifth to ninth embodiments of
the present invention, FIGS. 7A, 8A, 9A, 10A and 11A
being optical path illustrations, FIGS. 7B, 8B, 9B, 10B
and 11B being graphs showing the gradient index of a
divergent lens, FIGS. 7C, 8C, 9C, 10C and 11C being

-graphs showing the gradient index of a convergent lens,
- FIGS. 7D, 8D, 9D, 10D and 11D showing ray aberra-

ttons, and FIGS. 7E, 8E, 9E, 10E and 11E showing
wave front aberrations.

F1GS. 12 and 13 relate to tenth and eleventh cmbodi-
ments of the present invention, FIGS. 12A and 13A
being optical path illustrations, FIGS. 12B and 13B
being graphs showing the gradient index of a divergent
lens, FIGS. 12C and 13C being graphs showing the
gradient index of a first convergent lens, FIGS. 12D
and 13D being graphs showing the gradient index of a
second convergent lens, and FIGS. 12E and 13E show- -

ing ray aberrations, and FIGS. 12F and 13F showing
wave front aberrations.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The gradient index of a convergent gradient index
lens has a distribution rotationally symmetrical with
respect to the optical axis and is expressed by the fol-
lowing equation:

ny = no*{l — (gr)? + ha(gn)* + he(gr)®}, (1)
where ngis the refractive index of the center of the lens,
r is the radial distance from the optical axis, g is a pa-
rameter indicative of the degree of refractive index
gradient, and hs and hg are the coefficients of the fourth
and sixth order terms as the high order terms of the
gradient index.

Generally, when the gradient index of a medium is
expressed by n(/) as the function of coordinates /, the
behavior of light rays in the medium is described by the
following differential equation:

d d @
3?["(/) -gf-] = Vn(/),
where s 1s the length measured along the path of the

hight ray. Equation (2) can be solved by applying a
suitable variable conversion and by a well-known nu-
merical solution of differential equations such as the
Runge-Kutta method (see Applied Optics, Vol. 21, No. 6,
p. 984). Any light ray incident on a gradient index lens
whose gradient index is expressed by equation (1) can
be pursued by solving equation (2) by the numerical
solution, and calculation of the aberrations after the
pursuit can be carried out entirely in the same manner as .
in the case of the optical system of an ordinary uniform
medium system. Also, if restricted to the paraxial area,
equation (2) can be analytically solved to obtain the
following paraxial ray pursuit equation:



4,639,094

(3)

] .
h _ cos g2 o sin gz ho |
a nog sin g2 Cos g2 g

where hy and h, as shown in FIG. 1, represent the
heights of the paraxial ray on the entrance surface 1a
and the exit surface 16 of a popular gradtent index lens
1, ag, represents the converted inclination immediately
after the refraction of the paraxial ray incident on the
entrance surface 1a, and a represents the converted
inclination immediately before the refraction of the
paraxial ray arriving at the exit surface 15. Of course,
the inclination ag of the light ray incident on the en-
trance surface 1a shown in FIG. 1 and the inclination a’
of the light ray emergent from the exit surface 1 are in

the correspondence relation by the usual refraction law
between ag’ and a.

An example will now be described in which the pres-
ent invention is used in a pick-up lens for an optical disc.

The most important factors of a pick-up lens for an
optical disc are numerical aperture (hereinafter referred
to as NA) and working distance (hereinafter referred to
as WD). First, the relation among the specifications NA
and WD and the gradient index characteristics npand g
of the pick-up lens and the length z and the effective
radius ro of the lens will be considered. Suppose the
construction of a single piece gradient index lens having
planar opposite ends. The laser beam entening the lens
system is a parallel beam and therefore, in equation (3),
ag'=0 and accordingly,

)

If the focal length of the lens system is f,

h = hy cos g2

. (4)
a = hy nggsingz

f=hy/a (>)

and also,

WD=h/a (6)
If it is assumed that coma is corrected and the sine
condition 1s satisfied,

NA=ry/f (7)

From equations (4)—(7),

(8)
g = NA/ng \ m? — (NA - WD)

9)
no \ rg? — (NA - WD)?

Z= NA

. cos— (NA - WD/rp)

ngis an amount determined by the selection of the mate-
rial of the lens and is of a value of the order of 1.5-1.75.
The provision of the gradient index is effected by the
ion exchange method or the like, but a lens in which rg
is too great is difficult to manufacture and the order of
ro=1.0-3.0 may be considered to be a practically possi-
ble range. Accordingly, when the specifications of the
pick-up lens are determined by equations (8) and (9), the
gradient index character g and the lens length z are
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correspondingly determined primarily. But, as is appar-
ent from equation (8), there is a limiting condition

ro>NA-WD (10)
between the specifications NA, WD and the effective
radius ro of the lens. That is, if an attempt is made to set
NA to a great value and moreover secure a sufficient

working distance, a correspondingly great lens diame-
ter will be required.

Where a pick-up lens is constructed by bringing two
convergent gradient index lenses of different gradient

index characteristics into intimate contact with each
other, the imaging equation is: |

h COos 2323
X
a nags sin £329

sin 272
282 8222

(11)
COS 2222

cOs gi21 ho
n1g1 sin g12] 0
If the specifications NA and WD of the pick-up lens and

the characteristics nj, na, g1, g2 and effective diameter
ro of the two gradient index lenses are given from equa-
tions (5), (6), (7) and (11), the lengths z; and z; of the
respective lenses will be primarily determined.
Correction of spherical aberration and coma will now
be described. According to the literature (JOSA, vol.
60, No. 11, p. 1436), aberration coefficients of the third
order attributable to the fact that light rays pass through

a gradient index medium are expressed by the following

equations:
(12)
2,2 )
[anh"-{-“im"——i—— at ] dz

3 P4
o= V| 42 - J
n02 0 2 3

no no

sin 212
mae £12]

COS £12]

(13)

4 - 2mha - - 35
[ | 8t + ~—=— (ha + ha) - E2 | ds

0 no nQ
(14)

2
oy = V[ ha 2 ] _
no

2 —  4nyhhaa 2.2

J- 8nahih? + ——IT— — < c; dz
QO no Ro

where o} is the spherical aberration coefficient, o 1s
the coma coefficient, 0-31s the astigmatism coefficient, h
and a are the height and converted inclination, respec-
tively, of the paraxial on-axis ray, h and @ are the height
and converted inclination, respectively, of the paraxial
principal ray, and V(q) represents the difference be-
tween the value at the upper limit of the integration of
a certain amount and the value at the lower limit. The
gradient index 1s expressed by
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n=n0+nlrz+n2r’4.

The aberration coefficient attributable to the refraction
at the end surface is entirely similar to the aberration
coefficient of the uniform medium system. In equations
(12)-(14), the other coefficients than the coefficient n;
of the fourth order term of the gradient index are the
amounts determined by the second order term and so
on, namely, the paraxial amounts. Considering a gradi-
ent index lens, there is always a value of ny which gives
o (1=1, 2, 3) which negates the aberration created by
the refraction on the end surface of the lens and the
surface of the optical disc with respect to an arbitrary
aberration. At this time, it is generally impossible to
negate the other aberrations at the same time. That is,
the degree of freedom of the aberration correction of

the gradient index is 1. This situation also holds true of
high order aberrations.

10

15

As an example of the comparison with the embodi- 20

ments of the present invention which will later be de-

scribed, an attempt has been made to construct a pick-
up lens having the specifications of NA=0.45 and

WD=2.55 mm by only a gradient index lens Lg of

No=1.66666, g=0.1974, ro=1.8 mm and z=4.43 mm in 25

accordance with equations (8) and (9). The numerical
data of the optical disc D are the same as those of the
embodiments which will later be described. The optical
path of this comparative example is shown in FIG. 2A.
In this optical path illustration, the light ray from the
on-axis object point is shown. In order that spherical
aberration may be corrected, h4=0.762 and
he= —0.489. As shown in the ray aberration illustration
of FIG. 2B, spherical aberration is corrected substan-
‘tially completely, while the sine condition is not satis-
fied and accordingly, coma is greatly created. This is
apparent also from the wave front aberration illustra-
tion of FI1G. 2C.

Thus, at least two independent high order gradient
indices are required in order that spherical aberration
and coma may be corrected at the same time. Accord-
ingly, if a single gradient index lens is divided into two
lenses L and L7 and discrete high order gradient indi-
ces h4i, hei and hsa, he2 are imparted to the respective

30

35

lenses Lj and L;, the degree of freedom of aberration 4°

correction will be 2 and simultaneous correction of
spherical aberration and coma will become possible.

If it is assumed that the gradient indices of the gradi-
ent index lenses L and I.; having different gradient
indices are nj and ny, these can be expressed by:

ni2 = n§ {1 = @2 + har@1n* + hei(g195}

na? = n}, {1 — @172 + haaigan* + hea(g2r)5}

(15)
(16)

where ng is the center refractive index, r is the radial
distance from the optical axis, g is a parameter indica-
tive of the degree of index gradient, h4 and h¢ are the
coefficient of the fourth order term and the sixth order
term as the high order terms of the gradient index, and
subscript numbers 1 and 2 mean the amounts regarding
the two gradient index lenses Lj and L having different
gradient indices.

In the combination of such two lenses, it is difficult to
analytically solve the high order gradient index coeffici-
ents hsi, haa, hg1 and hg2 at which spherical aberration
and coma are corrected at the same time, but they can
be numerically found by a conventional lens designing

50

35

65
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technique such as the optimizing technique using the
damped least square method or the like.

As regards the pick-up lens for an optical disc, it is
desired that wave front aberration be corrected to at
least A/4 or less in the entire area of the image plane
having a diameter of 0.14-0.2 mm. However, even
when the position of the condensed spot is deviated
from the center, if an auto-focusing mechanism works
to automatically set the best image plane, curvature of
field is not called in question. To satisfy these condi-
tions, it 1s necessary that both of spherical aberration
and coma be corrected very well and it is essential for

high order gradient index coefficients to satisfy the
following conditions:

1.0<hy1 <50

- 1.5 <he1 < ~0.1

—~3.0<hg2< 0.5

1.0<hga <8.0

If any of the upper limits and the lower limits of the
above conditions 1s exceeded, it will become impossible
to correct sphencal aberration and coma at a time.

Some embodiments of the present invention will now
be described. In each of the embodiments, the thickness
of the optical disc 1s 1.1 mm, the material thereof is
plastics and the refractive index is 1.48546. Also, aberra-
tions are corrected with respect to the oscillation wave-
length A=780 nm of a semiconductor laser.

The specifications and numerical data of Embodi-
ment 1 will be shown below.

NA = 0.45, WD = 2.55, Maximum image height: 0.07 mm
ng] = np2 = 1.7 g1 = g2 = 0.243

hs; = 2.381 her = —0.325
hgr = —2.591 he2 = 3.655

rg = 1.6 mm

21 = 1.57
22 = 1.57

FIG. 3A shows the optical path, FIGS. 3B and 3C show
the gradient indices of the first and second lenses L and
L,, respectively, FIG. 3D shows ray aberrations, and
FIG. 3E shows wave front abberations.

In the optical path illustration, the light ray from the
on-axis object point is shown. In the ray aberration
illustration, spherical aberration, astigmatism and coma
are shown, and in the spherical aberration illustration,
the amount of the sine condition offense is also shown
by dotted line. Also, in the gradient index illustration,
the gradient index of only the second order term is
shown by a dotted line to show the degree of the high
order term. The solid line indicates the actual gradient
index.

The specifications and numerical data of Embodi-
ment 2 will be shown below.

NA = 0.45, WD = 2.55 mm, Maximum image height: 0.083 mm
no) = noz = 1.66666 g1 =g:=0.19794 1= 1.8mm

hgy = 2.124 hg1 = —0.325 z| = 2.215
hy) = 2476 hez = 4.055 23 = 2.2135

FIG. 4A shows the optical path, FIGS. 4B and 4C show
the gradient indices of the first and second lenses L and
Ly, respectively, FIG. 4D shows ray aberrations, and
FIG. 4E shows wave front aberrations. In the present
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embodiment, as compared with Embodiment 1, the
effective radius is large and the index gradient 1s made
correspondingly gentle.

The specifications and numerical data of Embodi-
ment 3 will be shown below.

NA = 045, WD = 2.55 mm, Maximum image height: 0.07 mm

nor = ng2 = 1.66666 gy = gy = 0.145 ro = 2.2 mm
hg; = 1.860 h¢1 = —0.322 z] = 3.52
hgy = —2.445 hg2 = 5.057 z3 = 3.52

FIG. 5A shows the optical path, FIGS. 5B and 5C show
the gradient indices of the first and second lenses L and

L,, respectively, FIG. 5D shows ray aberrations, and
FI1G. SE shows wave front abberations.

The specifications and numerical data of Embodi-
ment 4 will be shown below.

NA = 0.33, WD = 2.55, Maximum image height: 0.07 mm

ngt = ng2 = 1.66666 g1 = g2 = 0.36 o = 1.0 mm
hgp = 2.607 hgy = —0.726 z; = 0.81
hgy; = —2.551 he¢2 = 3.040 z3 = 0.81

FIG. 6A shows the optical path, FIGS. 6B and 6C show
the gradient indices of the first and second lenses L; and
L,, respectively, FIG. 6D shows ray aberrations, and
FIG. 6E shows wave front aberrations. The values of
the distribution characteristics ng, g and rg of the lens
used in this embodiment are the same as those of a lens
commercially available under the tradename of Selfoc
Microlens. Since rg=1.0 mm, NA can only be secured
up to 0.33 from equation (8).

From each of the aberration illustrations, it is appar-
ent that each of the embodiments of the present inven-
tion has an excellient performance as the pick-up lens for
an optical disc, that as shown particularly in each of the
wave front aberration illustrations, wave front aberra-
tions are considerably smaller than A/4 regarded as the
practical standard even at the maximum image height
and that coma, particularly, the symmetry thereof, is
well corrected and therefore these embodiments are
also excellent in the symmetry of the wave front.

In the lens system according to the present invention,
spherical aberration and coma are well corrected, as
mentioned above, by a combination of a plurality of
gradient index lenses having different gradient indices.
And further, in the present invention, if at least one of
the gradient index lenses is formed by a divergent gradi-
ent index lens, it is possible to well correct curvature of
field 1n addition to spherical aberration and coma. The
construction of such a lens system will hereinafter be
described in detail.

The gradient indices of a convergent gradient index
lens and a divergent gradient index lens have distribu-
tions rotationally symmetrical with respect to the opti-
cal axis and are expressed, like the equations (15) and
(16), by the {following equations:

npt = nf,{1 — (g7 + hap(gpr)* + hep(8pn)l

an ﬂ%n{l -+ (E'n?')z + Ran(Bnr )4 -+ h4n(§nr)6}

(17)
(18)

where the subscript p means an amount regarding the
convergent gradient index lens, the subscript n means
an amount regarding the divergent gradient index lens,
ng is the center refractive index, r is the diametrical
distance from the optical axis, g is a parameter indica-
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tive of the degree of refractive index gradient, and hj
and h¢ are the coefficients of the fourth order term and

the sixth order term as the high order terms of the gradi-
ent index.

Also, if restricted to the paraxial area, the aforemen-
tioned equation (2) can be analytically solved and the
following paraxial ray pursuit formulas are obtained:

] (19)
h - ' ho’ |
_ COS gpZp _—r sin 8545 0
ol nopgp Sin gpZp  €OS gplp ag’
(20)
h _ cos h g"z;l -— nOn&n sin h gPZP hﬂ'
44 ~= N0Onkn sin h gnz;l ¢cos h gnZn f.lU'

Equation (19) is concerned with the convergent gradi-
ent index lens and equation (20) is concerned with the
divergent gradient index lens. In these equations, sym-
bols are similar to those in equation (3) and are as shown
in FIG. 1.

First, assume the construction of a lens system in
which, in succesion from the object side, a divergent
gradient index lens L, and a convergent gradient index
lens Lyare arranged in intimate contact with each other.
Consider that when the distribution characteristics ng
and g and the effective radius rp of the two gradient
index lenses are given, the lengths Z, and Z, of the two
lenses are determined so as to satisfy the numerncal
aperture NA and working distance WD which are the
specifications of the pick-up lens system. Since the inci-
dent laser beam is a paralle] beam, the converted parax-
ial incidence inclination agis 0 and therefore, the parax-
ial imaging formula is expressed as:

(21)

h | cos 8plp — R sin gpZp

a nop SIN gpp,  COS 8plp
cos h galp - RS sin h gndn Ao
—nongn Sin h guly  cos h gady 0

If it is assumed that the focal length of the lens system
1s f,

f=ho/a (22)

and

WD=h/a (23)

If it is further assumed that coma is corrected and the
sine condition is satisfied, the following equation 1s
established:

NA=r/f (24)
From the foregoing equations (21)-(24), the follow-

ing two relations are obtained between the gradient

index characteristic and the specifications NA, WD:
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(25)

: : NA
nopgp os h gnZ, sin g2, — nopgn sin h gndoy COS gnp = o

ﬂ[]pgp cos h gnZn COS gP-Zp + (26)
nongn SIN h gnZy, sin gp2, = NA WD nopgp/rg
If Z and Z, are solved from equations (25) and (26),

(27) 10
Zy = -zjlg:- cos h—! [{ (nongn)* — (nopgp)* +

15
2
2 ("%4"') (1 + WDzﬂﬂngpz) } / {(nongn)* + (ﬂﬂpgp)z}]

(28)
l

Zy = g tan [(l + donongn tan h gnZy)/ 20

ROngn
(WD nopp nopE5 tan b gal, ):I

25

That is, when the specifications NA and WD of the
pick-up lens system and the gradient index characteris-
tics non, gn, NOp, gpand roof the two lenses are given, the
lengths Z, and Z, of the two lenses are primarily deter-
mined. Even where the lenses L, and L, are not ce- 30
mented lenses but are separated from each other by a
suitable spacing Zo, Z, and Z, can be primarily deter-
mined from the gradient index characteristics and the
specifications by the same concept.

The contribution provided by the presence of the 35
gradient index of the Petzval sum P which is an impor-
tant parameter indicative of the degree of curvature of
field is as follows with respect to the lenses L, and L,:

40

Snzzn
Pn — —
non
P ;giZL 4

(see JOSA, Vol. 60, No. 11, p. 1436). Assuming that
each end surface is planar, the contributing component
by the refraction in the end surface is zero and after all,
the Petzval sum P of the entire system is >0

P=Pn+Pp-

Apparently, P,>0 and P, <0 and therefore, by using a
divergent gradient index lens, the Petzval sum can be 55
decreased and the planarity of the image plane can be
realized. That is, the degree of curvature of field 1s
independent of the high order terms of the gradient
index and is determined by the selection of basic param-
eters such as the coefficient g which governs the distri- 60
bution near the center of the lens, the center refractive
index ng and the length Z of the lens.

Since a pick-up lens for an optical disc is required to
condense a laser beam into a minute spot of 1.5u or less,
NA of a value of 0.45 or more is required. Also, since 65
the information recorded on the back surface of a disc
of plastics having a thickness of the order of 1.1 mm is
read from the front surface thereof by applying a laser

10

beam thereto, a working distance (back focal length) of
2.6 mm or more converted in terms of air is required.
Further, in a pick-up lens for an optical disc of the
tracking type using two light beams (the twin beam
method), the planarity of the image plane within an
tmage circle of 0.3-0.4 mm is required. A gradient index
lens 1s made as by the ion exchange method, but if the
effective radius rog thereof is too great, the manufacture
thereof will become difficult and it will also become
impossible to make the lens compact and light In
weight. Accordingly, ro=1-2 mm would be considered
suitable. The center refractive index is an amount deter-
mined by the material of the lens and may be of the
order of 1.5 to 1.7 and thus, has not so great a degree of

freedom. Accordingly, the parameters which can be
selected relatively freely are three- amounts, i.e., gn, gp

and Zy.

However, it 1s desirable for the reason set forth below

that gn, g, and Zg satisfy the following conditions:
0.1<gp<0.3 | : (29)
0.1<gn<0.3 (30)

0=Zp<3.0 (31)

That ts, if the value of g, exceeds the lower limit of
condition (29), the length Z, of the convergent gradient
index lens L, given by equations (27) and (28) will be-
come too great and inconveniently, the weight and
shape thereof will become great and at the same time,
when the high order gradient indices of two lenses are
determined so that spherical aberration and coma are
corrected, astigmatism will be aggravated and the me-
ridional curvature of field will be greatly bent in the
positive direction. If the value of g, exceeds the upper -
limit of condition (29), the difference in refractive index
between the center and the marginal portion of the lens
will become too great and the manufacture of the lens
will become very difficult. Also, the Petzval sum will
become too positive and therefore, the image plane will
be bent too much in the negative direction and it will
become impossible to maintain the planarity of the
image plane.

If the value of g, exceeds the lower limit of condition
(30), the length Z, of the lens L, given by equation (27)
will become too great and the lens cannot be made
compact and light in weight. Also, when the high order
gradient indices of the two lenses are determined so that
spherical aberration and coma are corrected, astigma-
tism will be aggravated and the meridional curvature of
field will become substantial in the positive direction. If
the value of g, exceeds the upper limit of condition (30),
the difference in refractive index between the center
and the margnal portion of the lens L, will become too
great and the manufacture of the lens will become very
difficult. Also, astigmatism will be aggravated and the
meridional curvature of field will become great in the
negative direction. If Zg exceeds the upper limit of con-
dition (31), astigmatism will be aggravated and the me-
ridional image plane will be greatly bent in the positive
direction and it will be impossible to maintain the pla-
narity of the image plane.

In order that the severe aberration correcting condi-
tions of a pick-up lens for optical disc may be satisfied,
both of spherical aberration and coma must be cor-
rected well and it is desirable that the following condi-

et e
-
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tions be satisfied in respect of high order gradient index
constants:

O0<h4p< 1.0
0.0<hgp <10.0

1.0<hgn<15.0 10

If any of the upper limits and the lower limits of the
above conditions is exceeded, it will become impossible
to correct spherical aberration and coma at a time.

Some embodiments having a divergent gradient
index lens will now be described. In each of these em-
bodiments, as in the aforedescribed embodiments, the
thickness of the optical disc D is 1.1 mm, the material
thereof is plastics and the refractive index thereof is
1.48546. The aberrations are also corrected with respect
to a light ray of oscillation wavelength A=780 nm of
the semiconductor laser.

Embodiment §, as shown in FIG. 7A, is an example of
the design which comprises a divergent gradient index
lens L, and a convergent gradient index lens L, brought .
into intimate contact with each other, and the numeral
data thereof are as follows:

15

20

NA = 0464, WD = 2.6 mm, rgp = 1.53 mm

Maximum image height: 0.185 mm Focal length: 3.3 mm 30

Divergent Convergent
lens L., lens LE
Lens length Z 2.60 1.67
Center refractive index 1.56 1.66666
g 0.2 0.18 35
| ¥ 0.988 0.287
he 0.886 0.053

The incidence height of the on-axis marginal ray of
NA =0.464 1s ro=1.53, but the light beam is once wid- 40
ened by the divergent lens and therefore, the substantial
effective radius of each lens is about 2 mm. FIG. 7A is
an optical path illustration in which the light ray from
the on-axis object point is shown. FIG. 7B shows the
gradient index of the divergent lens L,, and FIG. 7C
shows the gradient index of the convergent lens L. In
each of these gradient index graphs, the solid Iine repre-
sents the actual distribution and the dotted line repre-
sents the gradient index of only the second order term
to show the degree of high order term. FIG. 7D shows
ray aberrations, and FIG. 7E shows wave front aberra-
tions. In the ray aberration illustration, spherical aberra-
tion, astigmatism and coma are shown and, in the spher-
ical aberration illustration, the amount of the sine condi-
tion offense is also indicated by dotted line.

Embodiment 6 also comprises a divergent gradient
index lens L, and a convergent gradient index lens L,
cemented together, and the numerical data thereof will
be shown below. The specifications of this embodiment
are entirely the same as those of Embodiment 5.

45

50

33

Divergent Convergent
lens L, lens LE
Lens length Z 4.49 5.69 65
Center refractive 1.56 1.66666
index ng
g 0.12 0.2
ha 3.835 0.256

12
-continued
Divergent Convergent
lens L, lens L,
he 8.487 0.029

FIG. 8A shows the optical path of the Embodiment 6,
FI1G. 8D shows the gradient index of the divergent lens
L., and FIG. 8C shows the gradient index of the con-
vergent lens L,. FIG. 8D shows ray aberrations, and
FIG. 8E shows wave front aberrations.

Embodiment 7, like the above-described embodi-
ment, comprises a divergent and a convergent gradient
index lens cemented together, and the numerical data
thereof are as shown below.

NA =04WD =26mmrp= 1.15mm
Maximum image height: 0.185 mm f = 2.5 mm

_ Divergent Convergent
lens L, lens LE
Lens length Z 3.67 5.13
Center refractive index ng 1.56 1.66666
g 0.2 0.24
hs . 1.44] 0.286
he 1.669 0.022

FIG. 9A shows the optical path of the Embodiment
7, and FIGS. 9B and 9C show the gradient indices of
the divergent lens L, and the convergent lens L,, re-
spectively. FIG. 9D shows ray aberrations, and FIG.
9E shows wave front aberrations.

The numerical data of Embodiment 8 will be shown

below. The specifications of this embodiment are en-
tirely the same as those of Embodiment 7.

Divergent Convergent
lensL, ~ lens LE
Lens length Z 2.47 471
Center refractive index ng 1.56 1.66666
g 0.26 0.26
hyg 1.045 0.255
he 0.830 0.061

FIG. 10A shows the optical path of the Embodiment
8, and FIGS. 10B and 10C show the gradient indices of
the divergent lens L, and the convergent lens L, re-
spectively. FIG. 10D shows ray aberrations, and FIG.
10E shows wave front aberrations.

The numerical data of Embodiment 9 will be shown
below.

NA = 0464 WD = 2.6 mmrp = 1.53 mm
Maximum image height: 0.185 mm f = 3.3 mm

Zo = 1.8 mm

Divergent Convergent
lens L, lens LE'.
Lens length Z 0.91 4.36
Center refractive index ng 1.56 1.66666
g 0.2 0.22
hy 2.661 0.286
heg 4.133 0.006

In the present embodiment, as shown in FIG. 11A,
the divergent gradient index lens L, and the convergent
gradient index lens L, are separate from each other by
Zp=1.8 mm. Since the thickness of the divergent lens
L 1s small, the negative component of the Petzval sum
is small and the Petzval sum of the entire system is
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somewhat great, but by securing a wide spacing be-
tween the two lenses, astigmatism is purposely created
to keep balance between the meridional curvature of
field and the saggital curvature of field. FIG. 11A
shows the optical path of the Embodiment 9, FIGS. 11B 5
and 11C show the gradient indices of the divergent lens
L, and the convergent lens L,, respectively, FIG. 11D
shows ray aberrations, and FIG. 11E shows wave front
aberrations.

The numerical data of embodiment 10 will be shown {0
below.

NA = 0464 WD = 26 mm rgp = 1.53 mm
Maximum image height: 0.185 mm f = 3.3 mm

It 2nd 15
Divergent convergent convergent
lens L., lens LEl lens LEZ

Lens length Z 1.96 2.56 2.56
Center refractive 1.56 1.66666 1.66666
index ng 20
g 0.2 0.22 0.22
ha 2.898 —0.547 0.740
hg 2.115 1.089 —0.851

The present embodiment, as shown in FIG. 12A,
comprises a divergent lens L, and first and second con-
vergent lenses L, and L, cemented to the dwergent
lens, i.e., a total of three gradient index lenses. The
value of g is great in spite of the value of ro being great
and therefore, the lens length can be made relatively
small. If the first and second convergent lenses Lp; and
Lp> are integral with each other and of the same gradi-
ent index, the Petzval sum will become somewhat great
and moreover, if spherical aberration and coma are
corrected, astigmatism will also become relatively small
and the meridional and sagittal image planes will be-
come coincident with the Petzval image plane and the
planarity of the image plane will be lost.

Therefore, in the present embodiment, the conver-
gent lens is divided into two to thereby increase the
degree of freedom of aberration correction and astigma-
tism is purposely created to keep balance between the
meridional image plane and the sagittal image plane.
FIG. 12A shows the optical path, FIGS. 12B, 12C and
12D show the gradient indices of the respective lenses,

FI1G. 12E shows ray aberrations, and FIG. 12F shows
wave front aberration.

The numerical data of Embodiment 11 will be shown
below.

30

35

45

30

NA=0460WD =26mmrg= 1.15 mm

Maximum image height: 0.185 mm f = 2.5 mm

1st 2nd
convergent convergent

lens L., lens LEI lens L22 55
Lens length Z 2.82 4.79 421
Center refractive 1.56 1.66666 1.66666
index np
g 0.26

hy 0.440
he 0.381

Divergent

0.18

0.586
—0.273

0.18
0.197

0.335 60

The present embodiment, like Embodiment 10, com-
- prises three gradient index lenses.

Since the degree of freedom of aberration correction
is 3, all of spherical aberration, coma and astigmatism 65
are well corrected and the gradient indices are selected
so that the Petzval sum is sufficiently small, say, 0.0529.
F1G. 13A shows the optical path, FIGS. 13B, 13C and

14
13D show the gradient indices of the respective lenses,
FI1G. 13E shows ray aberrations, and FIG. 13F shows
wave front aberrations. |

From the aberration illustrations, it is apparent that
each of the embodiments of the present invention has an
excellent performance as a pick-up lens for an optical
disc and, as shown particularly in the wave front aberra-
tion illustrations, wave front aberration is considerably
smaller than A/4 regarded as the practial standard even
at the maximum image height and coma and curvature
of field are well corrected and therefore, each of these
embodiments is also excellent in symmetry of the wave
front.

I claim:

1. A gradient index lens system for use as a pick-up
lens for an optical disc, in which spherical aberration
and coma are well corrected and which has an excellent
imaging performance, said lens system comprising:

a first gradient index lens of a convergent refractive
power having a gradient index rotationally sym-
metrical with respect to the optical axis thereof and
having a refractive index which continuously de-
creases as the radius from the optical axis increases
until the periphery is reached, and

a second gradient index lens of a convergent refrac-
tive power having a gradient index rotationally
symmetrical with respect to the optical axis thereof
and having a refractive index which continuously
decreases as the radius from the optical axis in-
creases until the periphery is reached,

the gradient index of said first gradient index lens
being different from that of said second gradient
index lens, and the gradient index of said first and
second gradient index lenses being so determined
that spherical aberration and coma of said lens
system are compensated,

wherein when the gradient index n; of said first gradi-

ent index lens and the gradient index n» of said
second gradient index lens are expressed by

n2 = n§ {1 = (8177 + ha1@@1D* + he1(219%}

2

ny- = n%; {1 = @)% + haa(g2n* + hea(g27)%},

the following conditions are satisfied:
1.0<hg1 <5.0
—1.5<hg) <0
—3.0<hg2<~0.5

1.0<hg2<8.0

where ng is the center refractive index, r is the
radial distance from the optical axis, g is a parame-
ter indicative of the degree of refractive index
gradient, hq and hg are the coefficients of the fourth
order term and the sixth order term as the high
order terms of gradient index, and subscript num-
bers 1 and 2 mean that the gradient indices are the
amounts regarding said different first and second
gradient index lenses. |

2. A gradient index lens system according to claim 1,

wherein numerical data are as follows:
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NA = 045, WD = 2.55, Maximum image height;: 0.07 mm

npy = ng2 = 1.7 g1 = g2 = 0.243 o = 1.6 mm
hg; = 2.381 he1 = —0.325 z1 = 1.57 5
hjs = ~2.591 hes = 3.655 z7 = 1.57

where ngis the center refractive index, rpis the effective
diameter of a lens, g is a parameter indicative of the
degree of refractive index gradient, hy and hg are the
coefficients of the fourth order term and the sixth order
term as the high order terms of gradient index, z1s a lens
length, and subscript numbers 1 and 2 mean that the
gradient indices are the amounts regarding said differ-
ent first and second gradient index lenses.

3. A gradient index lens system according to claim 1,
wherein numerical data are as follows:

10

15

NA = 0.45, WD = 2.55 mm, Maximum image hei
ng; = noz = 1.66666 g1 = g2 =0.1974

hg1 = 2.124 het = —0.325
hyy = —2.476 hgy = 4.055

ht: 0.083 mm
ro = 1.8 mm

21 = 2.215
27 = 2.215

20

where ngis the center refractive index, rois the effective 25
diameter of a lens, g is a parameter indicative of the
degree of refractive index gradient, hs and h¢ are the
coefficients of the fourth order term and the sixth order
term as the high order terms of gradient index, z 1s a lens
length, and subscript numbers 1 and 2 mean that the
gradient indices are the amounts regarding said differ-
ent first and second gradient index lenses.

4. A gradient index lens system according to claim 1,
wherein numerical data are as follows:

30

35
NA = 045 WD = 2.55 mm, Maximum image height: 0.07 mm
ngl = np2 = 1.66666 g1 = gy = 0.143 rp = 2.2 mm
hgt = 1.860 h¢t = —0.322 zy = 3.52
hyy = —=2.445 hgy = 5.057 z9 = 3.52 40

where ngis the center refractive index, rpis the effective
diameter of a lens, g is a parameter indicative of the
degree of refractive index gradient, hsy and h¢ are the
coefficients of the fourth order term and the sixth order 45
term as the high order terms of gradient index, z is a lens
length, and subscript numbers 1 and 2 mean that the
gradient indices are the amounts regarding said differ-
ent first and second gradient index lenses.

5. A gradient index lens system according to claim 1, 50
wherein numerical data are as follows:

NA = 0.33, WD = 2.55, Maximum image height: 0.07 mm

noy = noy = 1.66666 g1 = g2 = 036 ro = 1.0 mm 55
hgy = 2.607 hg; = —0.726 z1 = 0.81
hq; = —2.551 hez = 3.040 23 = (.81

where npis the center refractive index, rois the effective
diameter of a lens, g is a parameter indicative of the 60
degree of refractive index gradient, h4 and hg are the
coefficients of the fourth order term and the sixth order
term as the high order terms of gradient index, z 1s a lens
length, and subscript numbers 1 and 2 mean that the
gradient indices are the amounts regarding said differ-
ent first and second gradient index lenses.

6. A gradient index lens system for use as a pick-up
lens for an optical disc, in which spherical aberration

65

16

and coma are well corrected and which has an excellent
imaging performance, said lens system comprising:

a first gradient index lens of a convergent refractive
power having a gradient index rotationally sym-
metrical with respect to the optical axis thereof,
said first gradient index lens extending continu-
ously from its optical axis to its periphery and hav-
ing a refractive index which continuously de-
creases as the radius from the optical axis increases
until the periphery is reached, and

a second gradient index lens of a convergent refrac-
tive power having a gradient index rotationally
symmetrical with respect to the optical axis
thereof, said second gradient index lens extending
continuously from-its optical axis to its periphery
and having a refractive index which continuously
decreases as the radius from the optical axis in-
creases until the periphery is reached,

the optical axes of said first and second gradient index
lenses being collinear,

the radius of the first gradient index lens being sub-
stantially the same as the radius of the second gra-
dient index lens,

the gradient index of said first gradient index lens
being different from that of said second gradient
index lens, and the gradient index of said first and
second gradient index lenses being so determined
that spherical aberration and coma of said lens
system are compensated.

7. A gradient index lens system for use as a pick-up
lens for an optical disc, in which spherical aberration
and coma are well corrected and which has an excellent
imaging performance, said lens system compnsing:

a divergent gradient index lens component of a diver-
gent refractive power having a gradient index rota-
tionally symmetrical with respect to the optical
axis thereof, said divergent gradient index lens
component extending continuously from its optical
axis to its periphery and having a refractive index
which continuously increases as the radius from
the optical axis increases until the periphery i1s
reached, and

a convergent gradient index lens component of a
convergent refractive power having a gradient
index rotationally symmetrical with respect to the
optical axis thereof, said convergent gradient index
lens component extending continuously from its
optical axis to its periphery and having a refractive
index which continuously decreases as the radius
from the optical axis increases until the periphery is
reached,

the optical axes of said divergent gradient index lens
component and said convergent gradient index lens
component being collinear,

the radius of the divergent gradient index lens com-
ponent being substantially the same as the radius of
the convergent gradient index lens component,

said divergent gradient index lens component of a
divergent refractive power decreasing the Petzval
sum of the lens system, and the gradient index of
said divergent and convergent gradient index lens
components being so determined that spherical
aberration and coma of said lens system are com-
pensated.

8. A gradient index lens system for use as a pick-up
lens for an optical disc, in which spherical aberration
and coma are well corrected and which has an excellent
imaging performance, said lens system comprising:
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a divergent gradient index lens component of a diver-
gent refractive power having a gradient index rota-
tionally symmetrical with respect to the optical
axis thereof and having a refractive index which
continuously increases as the radius from the opti- 5
cal axis increases until the periphery is reached, and

a convergent gradient index lens component of a
convergent refractive power having a gradient
index rotationally symmetrical with respect to the
optical axis thereof and having a refractive index 10
which continuously decreases as the radius from
the optical axis increases until the periphery 1s
reached,

said divergent gradient index lens component of a
divergent refractive power decreasing the Petzval 15
sum of the lens system, and the gradient index of
said divergent and convergent gradient index lens
components being so determined that spherical

aberration and coma of said lens system are com-
pensated, 20

wherein when the refractive index n, of said diver-
gent gradient index lens component and the refrac-
tive index n, of said convergent gradient index lens

component are respectively expressed by s

np* = "Un{l + (Snf)z -+ h4n(8nr) + hen(8nr) 6}

npt = ng{l — (gpn)? + hap(gpn* + heplgpr)®}

and said two lens components are cemented to- 30
gether, the following conditions are satisfied:

C.1<gp<0.3

0.1<gn<0.3 35

where ng is the center refractive index, r is the
radial distance from the optical axis, g is a parame-
ter indicative of the degree of refractive index
gradient, hs and he are the coefficients of the fourth 49
order term and the sixth order term as the high
order terms of the gradient index, subscript n
means an amount regarding said divergent gradient
index lens component, and subscript p means an
amount regarding said convergent gradient index 45
lens component.
9. A gradient index lens system according to claim 8,
wherein said divergent gradient index lens component
and said convergent gradient index lens component

further satisfy the following conditions: 50
0<h4p<1.0
—1.0<hgp< 1.5

0<hgn<10.0 33

— l.0<h6n< 15.0.

10. A gradient index lens system according to claim 9
wherein numerical data are as follows:

60
NA = 0464, WD = 2.6 mm, rg = 1.53 mm
Maximum image height: 0.185 mm Focal length: 3.3 mm
Divergent Convergent
| lens L., lens LE 65
Lens length Z 2.60 7.67
Center refractive index 1.56 1.66666
g 0.2 0.18

hg 0.988 0.287

l‘-j._-h
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~continued

NA = 0464, WD = 2.6 mm, rg = 1.53 mm
Maximum image height: 0.185 mm Focal length: 3.3 mm

Divergent Convergent
lens L, lens LE
hie 0.886 0.053

where rpis the effective diameter of a lens, g 1s a param-
eter indicative of the degree of refractive index gradient
and has and hg are coefficients of the fourth order term
and the sixth order term as the high order terms of
gradient index, and subscript n means an amount re-
garding said divergent gradient index lens.

11. A gradient index lens system according to claim 9
wherein numerical data are as follows:

NA = 0464 WD =26 mmrg = 1.53 mm
Maximum image height: 0.185 mm Focal length: 3.3 mm

Divergent Convergent
lens L lens LE ,

Lens length Z 4.49 5.69
Center refractive 1.56 1.66666
index ng
£ 0.12 0.2
hy 3.8335 0.256
he 8.487 0.029

where rgis the effective diameter of a lens, g is a param-
eter indicative of the degree of refractive index gradi-
ent, and h4 and h¢ are coefficients of the fourth order
term and the sixth order term as the high order terms of
gradient index, and subscript n means an amount re-
garding said divergent gradient index lens.

12. A gradient index lens system according to claim 9,
wherein numerical data are as follows:

NA =04 WD =26mmrg = .15 mm
Maximum image height: 0.183 mm focal length 2.5 mm

Divergent Convergent
lens Ln lens LE
Lens length Z 3.67 5.13
Center refractive index ng 1.56 1.66666
g 0.2 0.24
hy 1.441 0.286
hg 1.669 0.022

where 1gis the effective diameter of a lens, g is a param-
eter indicative of the degree of refractive index gradient
and h4 and hg are coefficients of the fourth order term
and the sixth order term as the high order terms of
gradient index, and subscript n means an amount re-
garding said divergent gradient index lens.

13. A gradient index lens system according to clalm 9
wherein numerical data are as follows:

NA =04 WD = 26mmry = 1.15 mm
Maximum image height: 0.185 mm Focal length: 2.5 mm

Divergent Convergent
lens L, lens LE
Lens length Z 2.47 4.71
Center refractive index ng 1.56 1.666666
g 0.26 0.26
hy 1.045 0.255
he 0.830 0.061

where rpis the effective diameter of a lens, g is a param-
eter indicative of the degree of refractive index gradient

’l.l_-pl--.. i
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and h4 and hg¢ are coefficients of the fourth order term
and the sixth order term as the high order terms of
gradient index, and subscript n means an amount re-
garding said divergent gradient index lens.

14. A gradient index lens system according to claim 9, 5
wherein said convergent gradient index lens component
includes a first gradient index lens of a convergent re-
fractive power having a gradient index rotationally
symmetrical with respect to the optical axis thereof and
having a refractive index which continuously decreases
as the radius from the optical axis increases until the
periphery is reached, and

a second gradient index lens of a convergent refrac-

tive power having a gradient index rotationally
symmetrical with respect to the optical axis thereof 15
and having a refractive index which continuously
decreases as the radius from the optical axis in-
creases until the periphery is reached,

the gradient index of said first gradient index lens

being different from that of said second gradient 3q
index lens.

15. A gradient index lens system according to claim
14, wherein numerical data are as follows:

10

NA = 0464 WD = 2.6 mm rg = 1.53 mm 25

Maximum image height: 0.185 mm Focal length: 3.3 mm

Ist 2nd
convergent convergent

lens L, lens LEl lens LEZ
Lens length Z 1.96 2.56 2.56
Center refractive 1.56 1.66666 1.66666
index ng
o4 0.2
hy 2.898
hg 2.115

Divergent

30

0.22
—0.547
1.089

0.22
0.740
—(.851

35

where rqis the effective diameter of a lens, g is a param-
eter indicative of the degree of refractive index gradient
and h4 and hg are coefficients of the fourth order term
and the sixth order term as the high order terms of
gradient index.

16. A gradient index lens system according to claim
14, wherein numerical data are as follows:

NA =046 WD =26 mmrg= 1.15mm
Maximum image height: 0.185 mm Focal length: 2.5 mm

45

ist 2nd
Divergent convergent convergent
lens L, lens LE] lens LEz
Lens length Z 2.82 4.79 4.21 50
Center refrac- 1.56 1.66666 1.66666
tive index ng
g 0.26 0.18 0.18
hg 0.440 0.586 0.197
hg 0.381 —-0.273 0.335
535

where rgis the effective diameter of a lens, g is a param-
eter indicative of the degree of refractive index gradi-
ent, hs and hg are the coefficients of the fourth order
term and the sixth order term as the high order terms of
gradient index.

17. A gradient index lens system for use as a pick-up
lens for an optical disc, in which spherical aberration
and coma are well corrected and which has an excellent
imaging performance, said lens system comprising:

a divergent gradient index lens component of a diver- 65
gent refractive power having a gradient index rota-
tionally symmetrical with respect to the optical
axis thereof and having a refractive index which

60

20

continuously increases as the radius from the opti-

cal axis increases until the periphery is reached, and

a convergent gradient index lens component of a
convergent refractive power having a gradient
index rotationally symmetrical with respect to the
optical axis thereof and having a refractive index
which continuously decreases as the radius from
the optical axis increases until the periphery is
reached,

said divergent gradient index lens component of a
divergent refractive power decreasing the Petzval
sum of the lens system, and the gradient index of
said divergent and convergent gradient index lens
components being so determined that spherical
aberration and coma of said lens system are com-
pensated,

wherein when the refractive index n, of said diver-

gent gradient index lens component and the refrac-

tive index n, of said convergent gradient index lens

component are respectively expressed by

np? = "E}n{l + @nr? + han@n?)* + hen(8nr)S}

n? = ng,{1 — @) + hapgpn* + heplgpr)®}

and said two lens components are separated from

each other by a spacing Zg, the following condi-
tions are satisfied:

0.1<gp<0.3

0=2Z¢<3.0

where ng is the center refractive index, r 1s the
radial distance from the optical axis, g is a parame-
ter indicative of the degree of refractive index
gradient, hg and hg are the coefficients of the fourth
order term and the sixth order term as the high
order terms of the gradient index, subscript n
means an amount regarding said divergent gradient
index lens component, and subscript p means an

amount regarding said convergent gradient index
lens component.

18. A gradient index lens system according to claim
17, wherein said divergent gradient index lens and said
convergent gradient index lens further satisfy the fol-
lowing conditions: ‘

0<hyp<1.0
— 1.0<h6p< 1.5
0<hsn<10.0

— 1.0{1’]6”{ 15.0.
19. A gradient index lens system according to claim
18, wherein numerical data are as follows:

NA = 0464 WD = 2.6 mm rg = 1.53 mm
Maximum image height: 0.185 mm focal length: 3.3 mm
Zo = 1.8 mm

Divergent Convergent
lens L, lens LE -
Lens length Z 0.91 4.36
Center refractive index ng 1.56 1.66666
g 0.2 0.22
hg 2.661 0.286
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21. A gradient index lens system in which spherical
aberration and coma are well corrected and which has
an excellent mmaging performance, said lens system
comprising:

5 a convergent gradient index lens and a divergent

-continued

NA =044 WD = 26 mmrg = .53 mm
Maximum image height: 0.185 mm focal length: 3.3 mm

Zg = 1.8 mm

%::;ﬁm Cc;::: rfcm | gradient index lens, said divergent gradient index
. R— lens decreasing the Petzval sum so as to compen-
he 3133 0.006 sate curvature of field, wherein when the refractive
index n, of said divergent gradient index lens and
where rgis the effective diameter of a lens, g 1s a param- 10 the refractive index n, of said convergent gradient
eter indicative of the degree of refractive index gradient index lens are respectively expressed by
and h4 and hg are coefficients of the fourth order term
and the sixth order term as the high order terms of nn? = 3 {1 + ®@nP)? + han@nP* + hen(@nr)®}
gradient index, and subscript n means an amount re- , 2 , o
garding said divergent gradient index lens. 135 npt = ngpll — (8pr) + hag(8pr)" + heplgpr)®}

20. A gradient index lens system in which spherical
aberration and coma are well corrected and which has
an excellent imaging performance, said lens system

the following conditions being satisfied:

. . 0.1<gp<0.3
comprising: ‘ g
a first convergent gradient index lens and a second 0.1<gy<0.3
convergent gradient index lens, said second gradi- |
ent index lens having a gradient index different where ng is the center refractive index, r is the
from that of said first gradient index lens, and when radial diStﬁ}ICC from the optical axis, g is a parame-
the gradient indices n; and n; of said lenses are 55 ter ipdicatwe of the degree of_ refractive index
expressed by gradient, hsand hg are_the coefficients of the foufth
order term and the sixth order term as the high
order terms of the gradient index, subscript n
ni? = gy {1 = @Y + ha@)* + hai@in) means an amount regafding said divergent gragient
m? = nd {1 — (g2 + haagan® + hea(gar%h, 30 index lens, and subscript p means an amount re-
garding said convergent gradient index lens.
the following conditions are satisfied: 22. A gradient index lens system according to claim
21, wherein said divergent gradient index lens and said
1.0<he; <5.0 convergent gradient index lens further satisfy the fol-
lowing conditions:
—~1.5<he) <O 39
O0<hyp<1.0
~3.0<hy<< =035
—1.0<hgp< 1.5
1.0<hg2 < 8.0
40 O0<hy, <100

where ng is the center refractive index, r is the
radial distance from the optical axis, g is a parame-
ter indicative of the degree of refractive index
gradient, hs and hg are the coefficients of the fourth
order term and the sixth order term as the high
order terms of gradient index, and subscript num-
bers 1 and 2 mean that the gradient indices are the

—1.0<hgn <15.0.
23. A gradient index lens system according to claim
22, wherein said divergent gradient index lens and said
convergent gradient index lens are separated from each
45 . : . .
other by a spacing Zg, and wherein the following condi-
tion is satisfied:

amounts regarding said different first and second 0=2Z5<3.0.

gradient index lenses. 50 x & & * %
535
60
65
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